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Ribosomal peptides are produced through the
posttranslational modification of short precursor
peptides. Cyanobactins are a growing family of
cyclic ribosomal peptides produced by cyanobacte-
ria. However, a broad systematic survey of the
genetic capacity to produce cyanobactins is lacking.
Here we report the identification of 31 cyanobactin
gene clusters from 126 genomes of cyanobacteria.
Genome mining suggested a complex evolutionary
history defined by horizontal gene transfer and rapid
diversification of precursor genes. Extensive chemi-
cal analyses demonstrated that some cyanobacteria
produce short linear cyanobactinswith a chain length
ranging from three to five amino acids. The linear
peptides were N-prenylated and O-methylated on
the N and C termini, respectively, and named aerugi-
nosamide and viridisamide. These findings broaden
the structural diversity of the cyanobactin family
to include highly modified linear peptides with rare
posttranslational modifications.
INTRODUCTION
Many well-known antimicrobial peptides are produced through
the posttranslational modification of short precursor peptides
(Arnison et al., 2013; Cotter et al., 2013). The structural diversity
of such ribosomal peptides is expanding andmany different fam-
ilies are now known. The majority of ribosomal peptides are pro-
duced from precursor peptides typically containing N-terminal
leader that is removed by a protease as part of the maturation
process. These biosynthetic routes are often accompanied by
an array of tailoring enzymes that decorate the final peptide
and confer exotic chemistry on the end product (Arnison et al.,
2013; Dunbar and Mitchell, 2013). The increase in the number
of genomic sequences in the past two decades has shownChemistry & Biology 20, 1033–that natural product biosynthesis using the ribosomal biosyn-
thetic pathway is more widespread than anticipated (Vela´squez
and van der Donk, 2011; Arnison et al., 2013). The ribosomal
biosynthetic pathway is an alternative route for the production
of structurally diverse peptides in addition to the classical nonri-
bosomal pathway (McIntosh et al., 2009; Arnison et al., 2013).
Cyanobactins are a large family of ribosomally synthesized
natural products reported from cyanobacteria or symbioses
involving cyanobacteria (Donia et al., 2008; Sivonen et al.,
2010). They are often cytotoxic against different cancer cell lines
but other reported bioactivities include antiviral, antimalarial, and
allelopathic activities (Houssen and Jaspars, 2010; Sivonen
et al., 2010). Cyanobactins are cyclic peptides produced through
the posttranslational modification of short precursor peptides
with a highly conserved leader sequence (Donia et al., 2008;
Sivonen et al., 2010; Arnison et al., 2013). They are formed
from the linear precursor peptide by multiple cleavages and
N-to-C macrocyclization of one or more core peptides (Long
et al., 2005; Schmidt et al., 2005; Donia et al., 2008; Donia and
Schmidt, 2011; Agarwal et al., 2012; Koehnke et al., 2012; Arni-
son et al., 2013). The precursor peptides have a short conserved
leader sequence proposed to be the site of initial binding with the
enzymes involved in posttranslational modification (Houssen
et al., 2010). The PatA protease recognizes and cleaves the N
terminus of the precursor, and the PatG protease recognizes
and cleaves at the C-terminal cleavage site and functions as a
macrocyclase (Koehnke et al., 2012; Agarwal et al., 2012).
Cyanobactins undergo a range of additional posttranslational
modifications (Donia et al., 2008; Sivonen et al., 2010; Arnison
et al., 2013). Many cyanobactins contain heterocyclized amino
acids, which is achieved through the action of two enzymes. A
heterocyclase is responsible for heterocyclizations of Thr, Ser,
and Cys to oxazolines and thiazolines (McIntosh and Schmidt,
2010; McIntosh et al., 2010). In some cyanobactin gene clusters,
patG also encodes a domain for the oxidation of heterocycles to
oxazoles and thiazoles (Agarwal et al., 2012; Koehnke et al.,
2012). However, not all strains contain the enzymes necessary
for heterocyclization and oxidation of amino acids (Leikoski
et al., 2010; Donia and Schmidt, 2011). PatF catalyzes the1043, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1033
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transformation to C-prenyl via a Claisen rearrangement (McIn-
tosh et al., 2011, 2013; Donia and Schmidt, 2011). The O-preny-
lation of tyrosine has been described in more detail (McIntosh
et al., 2011, McIntosh et al., 2013). However, many aspects of
the prenylation mechanism remain to be solved.
Cyanobactin gene clusters are found throughout the cyano-
bacterial lineage (Donia et al., 2008; Leikoski et al., 2009; Shih
et al., 2013) and are particularly common in some genera of
cyanobacteria e.g., Prochloron (Donia et al., 2006), Anabaena
(Leikoski et al., 2010), and Microcystis (Ziemert et al., 2008; Lei-
koski et al., 2012). It is estimated that between 10% and 30% of
all cyanobacteria encode a cyanobactin pathway (Donia et al.,
2008; Leikoski et al., 2009; Donia and Schmidt, 2011; Shih
et al., 2013) that is reported to be one of the major small-mole-
cule biosynthetic routes in cyanobacteria (Donia et al., 2008).
Here we analyzed 126 genomes of cyanobacteria to obtain a
balanced view of cyanobactin distribution and evolution and
assess the catalytic potential of this pathway. We tested bio-
informatic predictions based on the analysis of the cyanobactin
gene clusters and demonstrate that the end products of some
cyanobactin pathways are linear cyanobactins with a chain
length ranging from three to five amino acids with N-prenylated
and O-methylated termini in Microcystis aeruginosa PCC 9432
and Oscillatoria nigro-viridis PCC 7112. This finding broadens
the structural diversity of the cyanobactin class of ribosomal
peptides to include highly modified linear peptides.
RESULTS
Genome Mining
BLASTp searches with both cyanobactin proteases PatA and
PatG identified 31 gene clusters in 126 cyanobacterial genomes
(Figure 1). The cyanobactin gene clusters range in length from 10
to 19 kb and encode between 8 and 24 genes (Figure 1). The
cyanobactin gene clusters have a fixed complement of essential
genes encoding PatA, PatB, PatC, PatE, PatF, and PatG homo-
logs (Figure 1). Some cyanobactin gene clusters are compact,
with short intergenic regions, and encode genes with defined
predicted roles in cyanobactin biosynthesis. However, other
cyanobactin gene clusters encode an array of short hypothetical
proteins for which no role in cyanobactin biosynthesis could be
assigned (Figure 1). The cyanobactin gene clusters are found
in every subsection of cyanobacteria and were present in 24%
of the genomes examined. The gene clusters occur more in
late-branching cyanobacterial lineages (Figure 2). The distribu-
tion of the cyanobactin gene clusters is not random and despite
biases in taxon sampling, it is clear that the cyanobactin
gene clusters are common in the Oscillatoria, Arthrospira, and
Microcystis genera, but are conspicuously absent from other
genera such as Prochlorococcus and Synechococcus (Figure 2).
Some of the cyanobactin gene clusters appear incomplete
upon inspection and many lacked essential cyanobactin bio-
synthetic genes (Figure 1). The cyanobactin gene clusters of
Cyanothece sp. PCC 7822 and Nodularia spumigena CCY
9414 did not encode precursor genes. The cyanobactin gene
cluster of Nodularia spumigena CCY 9414 also lacks part of
the patA gene and encodes a frameshift in patF, suggesting
that this pathway is inactive as previously described (Voß1034 Chemistry & Biology 20, 1033–1043, August 22, 2013 ª2013 Elet al., 2013). The cyanobactin gene cluster in Calothrix sp.
PCC 7103 does not encode PatB or PatC homologs, and
Leptolyngbya sp. PCC 7376 lacks PatC and PatD homologs
even though PatG contains an oxidase domain. The cyanobactin
pathway inM. aeruginosa PCC 9443 is spread over three contigs
and lacks the gene encoding the PatA protease, suggesting
that it is inactive. TheM. aeruginosa PCC 9432 genome encodes
one complete cyanobactin gene cluster and additional cyano-
bactin genes with homology to the genes of piricyclamide
pathway. However, the predicted piricyclamide end products,
TFCDLATKQCYP and MSGVDYYNP (Leikoski et al., 2012),
could not be detected from M. aeruginosa PCC 9432 (data not
shown).M. aeruginosa PCC 9809 encodes a complete microcy-
clamide gene cluster and a second fragmented piricyclamide
cyanobactin gene cluster on two separate contigs, one of which
encodes an interrupted patA gene, suggesting that it is inactive.
Inspection of the gene clusters suggests that the ability to het-
erocyclize and prenylate cyanobactins is widespread but not a
universal feature of the cyanobactin pathways (Figure 1). Genes
encoding PatD homologs and the partner PatG oxidase domain
were found in approximately half of the cyanobactin pathways.
However, the role of the PatF prenyltransferase is not clear
because the putative prenyltransferase is also found in nonpre-
nylating cyanobactin pathways (Donia et al., 2006, Bent et al.,
2013).Methyltranferase domainswere encoded in six cyanobac-
tin pathways ofOscillatoria sp. PCC 10802,Cyanothece sp. PCC
7425, Cyanothece sp. PCC 7822, M. aeruginosa PCC 9432,
Oscillatoria nigro-viridis PCC 7112, and Leptolyngbya sp. PCC
7376. Methyltransferase domains were found fused to other
cyanobactin proteins including PatA, PatG, and PatF homologs
(Figure 1).
The cyanobactin gene clusters of Leptolyngbya sp. PCC 7376,
Microcystis aeruginosa PCC 9432, and Oscillatoria nigro-viridis
PCC 7112 encoded an unusual 70 kDa bimodular protein. The
two modules of this protein had homology to SAM-dependent
methyltransferases and cyanobactin PatF prenyltransferases,
respectively, suggesting that the end products might be a
different type of cyanobactin. The precursors identified from
Leptolyngbya sp. PCC 7376 had a conserved cyanobactin
leader but lacked discernible cleavage sites. The precursor
peptides of Microcystis aeruginosa PCC 9432 and Oscillatoria
nigro-viridis PCC 7112 had conserved leaders and distinctive
cleavage sites (Figure 1C) allowing direct bioinformatic predic-
tion of their end products. Sequence conservation facilitated
bioinformatic prediction of cleavage sites and suggested that
the strains would produce multiple cyanobactins with chain
lengths of 3, 4, and 5 amino acids each. The cyanobactins
were also predicted to contain thiazoles because the core
encoded a cysteine and the gene cluster encoded heterocyclase
and oxidase enzymes (Figure 1; Table 1). The presence of the
unusual 70 kDa bimodular protein suggested methylation and
possibly prenylation as further posttranslational modifications.
Discovery of Linear Cyanobactins
Chemical analyses with M. aeruginosa PCC 9432 and O. nigro-
viridis PCC 7112 were carried out to test these predictions.
Mass spectrometry analyses identified prenylated peptides
with mass and fragmentation patterns that corresponded
well to the bioinformatic predictions. Protonated candidatessevier Ltd All rights reserved
Figure 1. 31 Cyanobactin Gene Clusters from the 126 Cyanobacterial Genomes
(A) Cyanobactin pathways that do not encode heterocyclase or oxidase enzymes.
(B) Cyanobactin pathways that encode heterocyclization enzymes.
(C) Alignments of cyanobactin precursor peptides similar to viridisamide and aeruginosamide precursor peptides. The core sequences are highlighted.
A number of cyanobactin gene clusters were fragmented or placed on one or more separate contigs and are included as gene clusters in the figure even though
the contigs may not be adjacent in reality. Gaps between contigs are indicated with a solid vertical line in these cases.
See also Figure S1 and Table S4.
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Table 1. Coding Sequences from the Aeruginosamide and Viridisamide Gene Clusters ofM. aeruginosa PCC 9432 and O. nigro-viridis
PCC 7112
Protein Accession Length Predicted Function Max Identity (aa %) Organism
Microcystis aeruginosa PCC 9432
AgeA CCH92969 657 N-terminal protease 99 M. aeruginosa PCC 9809
AgeB CCH92968 83 Hypothetical 98 M. aeruginosa PCC 7806
AgeC 75 Hypothetical 93 M. aeruginosa PCC 9809
AgeD CCH92967 775 Heterocyclase 96 Lyngbya sp. PCC8106
AgeE 78 Precursor 60 M. aeruginosa PCC 9806
AgeF1 CCH92966 571 Methyltransferase-putative prenyl transferase 78 O. nigro-viridis PCC 7112
AgeF2 CCH92965 324 Putative prenyl tranferase 72 O. nigro-viridis PCC 7112
AgeG CCH92964 1306 G-terminal protease 80 O. nigro-viridis PCC 7112
Oscillatoria nigro-viridis PCC 7112
VirA AFZ08002 666 N-terminal protease 86 Lyngbya sp. PCC 8106
VirB AFZ08003 83 Hypothetical 80 M. aeruginosa PCC 9806
VirC AFZ08004 252 Hypothetical 72 N. spongiaforme var. tenue str. Carmeli
VirD AFZ08005 776 Heterocyclase 87 Lyngbya sp. PCC 8106
VirE AFZ08006 75 Precursor 57 M. aeruginosa PCC 9809
VirF1 AFZ08007 613 Methyltransferase-putative prenyl transferase 78 M. aeruginosa PCC 9432
VirF2 AFZ08008 320 Putative prenyl transferase 72 M. aeruginosa PCC 9432
VirG AFZ08009 1292 C-terminal protease 80 M. aeruginosa PCC 9432
aa, amino acid.
Chemistry & Biology
Genome Mining Identifies Linear Cyanobactinscorresponding to prenylated FFPC and FFPVC core sequences
(m/z 575 and m/z 674, respectively) were identified from
M. aeruginosa PCC 9432. These cyanobactins were named
aeruginosamides B and C. A protonated candidate cyanobactin
corresponding to a prenylated FIC core sequence (m/z 444) was
identified fromO. nigro-viridisPCC7112 and named viridisamide
A (Figure 3). Surprisingly, product ion analysis of the protonated
molecules suggested that these cyanobactins were linear and
product ions necessitating a cyclic structure were not detected.
Instead product ions suggested the presence of thiazole, a pre-
nylated heteroatom, and a C-terminal methyl ester (Table S1
available online; Figure S2). The presence of a sulfur atom in
the cyanobactin meant that we could use a stable sulfur isotope
labeling strategy to confirm the ion assignments and further char-
acterize the product. Stable isotope (34S and 15N) labeled cells
were analyzed and the product ion spectra of the cyanobactins
supported these ion assignments. The methanol extracts were
analyzed with high resolution QTOF to further confirm the ion
assignments (Figure S3). The experimental protonated molecule
ionmasseswere% 1.12ppmof the calculated values and almost
all of the experimental protonated fragment ion masses were
within ± 5 ppm of the values calculated from the assigned ion
structures (Table S1). The structure of viridisamide A (m/z 444)
and aeruginosamide B (m/z 575) is based on LCMS, QTOF, and
bioinformatic prediction (Figure 3). To confirm the linear structure
of the aeruginosamide C (m/z 674), a sufficient amount of theFigure 2. Species Tree of Cyanobacterial Genomes Showing the Distr
The tree was constructed from a concatenation of 29 conserved proteins. Nodes s
with a complete cyanobactin pathway and a known cyanobactin product are hig
nobactin products are highlighted in gray. The gene clusters encoding the linear
strains that have interrupted cyanobactin pathways are indicated with a filled sq
Chemistry & Biology 20, 1033–compound was isolated (1.8 mg) for thorough two-dimensional
nuclear magnetic resonance (2D NMR) and 1H NMR analyses.
To verify the structure of viridisamide A based on liquid chroma-
tography/mass spectroscopy (LC/MS) and quadrupole-time-of-
flight (QTOF) MS, a small amount of the compound was isolated
and was sufficient for 1H NMR analysis.
The 1H NMR spectrum of aeruginosamide C revealed two sec-
ondary amide doublet signals at d 8.55 and d 8.80 (Figure S6A).
These protons correlated with nitrogens in the 15N heteronuclear
single quantum coherence (HSQC) spectrum within a range
typical for amino acids in peptides. Analysis of 2D NMR spectra
showed the presence of partial structures Val-Tzl-OMe (Tzl =
thiazole), Pro, Phe1, Phe2, and Dma (1,1-dimethylallyl; Figures
S6B–S6E; Table S2). In the Val-Tzl-OMe substructure 1H-1H
TOCSY correlations from amide proton d 8.55 (d, 6-NH) to a-pro-
ton d 4.96 (dd, H6), b-proton d 2.31 (m, H7), and methyl protons
d 0.90 (d, H8) and d 0.94 (d, H9) formed a spin system typical for
valine. In 13C heteronuclear multiple bond correlation (HMBC) H6
(d 4.96), correlation with C5 (d 173.4) connected Val to a thiazole
ring, and H4 methine proton (s, d 8.47) correlation with carbons
C3 (d 145.3), C4 (d 128.6), and C5 (d 173.4) confirmed the
predicted thiazole ring structure. H4 had correlation also with a
carbonyl carbon C2 (d 161.1), which also correlated with H1
(s, dH 3.81, dC 51.7) methyl ester protons. All NMR data on the
Tzl-OMe structure were highly similar with the identical struc-
tures in dolabellin (Sone et al., 1995) and aeruginosamideibution of Cyanobactin Gene Clusters
upported with a bootstrap ofR 70% are indicated by a solid circle. The strains
hlighted in black. The strains with cyanobactin pathways with unknown cya-
cyanobactins described in this study are highlighted with the structures. The
uare. Only 10 of the 31 gene clusters and their products have been described.
1043, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1037
Figure 3. Linear Cyanobactins from M. aeruginosa PCC 9432 and
O. nigro-viridis PCC 7112
(A) Viridisamide A.
(B) Aeruginosamide B.
(C) Aeruginosamide C.
The identical prenylated N-termini and methylated C-termini bound to thia-
zoles are highlighted.
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group was located in the heterocyclic amino acid fragment
(Table S1). NMR data showed that there was no aliphatic carbon
connected to oxygen (dC 65–80) and that C4 is connected to a
proton H4 (s, d 8.47). Most importantly, these data provided
strong evidence that the carboxyl group of the Val-Tzl-OMe sub-
structure was methylated, blocking the carboxy terminal of the
peptide and making C to N cyclization impossible.
Proton and carbon chemical shifts together with 1H-1H dou-
ble quantum filtered correlation spectroscopy (DQF-COSY) and
13C HMBC correlations confirmed the presence of Pro, Phe1,
and Phe2 substructures in aeruginosamide C. Phe2 NH signal
was absent in the 15N HSQC spectrum but MS together with
15N labeling data showed that Phe2 contains its amino group.
1H-1H DQF-COSY, 13C HSQC, and 13C HMBC unambiguously
showed that the prenyl group in aeruginosamide C was in
reverse prenyl (1,1-dimethylallyl) form. The two protons d 5.19
and d 5.22 in C31 had COSY correlations with H30 (dd,
d 5.77) and C29 was quaternary with a d value of 60.6 typical1038 Chemistry & Biology 20, 1033–1043, August 22, 2013 ª2013 Elfor a carbon attached to a heteroatom. HMBC correlations con-
nected the spin system together but correlations between the
reverse prenyl group and the amino acids were absent. How-
ever, MS data showed that aeruginosamide B and C readily
lost the isoprene group, giving a strong indication of a connec-
tion to a heteroatom. C-prenylated peptides do not readily lose
the prenyl unit. Several product ions were predicted to contain
both prenyl and Phe suggesting that prenyl unit was connected
to one of the Phe amino acids (Table S1). Acetylation of the
methanol extract of the M. aeruginosa PCC 9432 spiked with
[D-Ala2]-Leucine encephalin containing nonprotected aminoter-
minal showed that aeruginosamides B and C were not
acetylated as the [D-Ala2]-Leucine encephalin (Figure S8), indi-
cating that the reversed prenyl group was attached to the N
terminus of aeruginosamides B and C. In addition, when all
the proton and carbon signal values next to heteroatoms
were studied and the presence of a Phe1 amide proton was
demonstrated, the most probable place for the reverse prenyl
group was the 23-NH group of Phe2. COSY correlations of
all subunits are summarized together with the HMBC corre-
lations that link the subunits together (Figure S4; Table S2).
Analysis of the acid hydrolyzed peptide by Marfey’s method
showed the presence of L-Pro, L-Phe, and D-Val-Tzl-OH, which
confirmed the connection between Val and Tzl (Figure S5B).
The purified aeruginosamide B preparate did not produce
good quality NMR data but amino acid analysis showed that
L-Phe and both L- and D-Pro-Tzl-OH were present in equimolar
amounts, showing that at least two stereochemically different
forms of aeruginosamide B were present in the preparate
(Figure S5A).
Only a small amount of viridisamide A could be isolated from
O. nigro-viridis PCC 7112. The small amount of purified
viridisamide A isolated permitted proton spectra runs only. The
assigned 1H NMR and 1H-1H TOCSY spectra are presented in
Figures S6F and S6G. The data collected in Table S3 are in
agreement with predicted structure and the MS results. The
NMR analysis showed clearly that the prenyl group in viridisa-
mide A was also in reverse prenyl (1,1-dimethylallyl) form
with d1H and J values very similar to values from virenamides
B and C, which have a 1,1-dimethylallyl group connected to
Phe a–amino group (Carroll et al., 1996).
Pronounced Precursor Gene Diversity
The cyanobactin gene clusters encode between one and ten
precursor genes (Figure 1). Cyanobactin genes were detected
at discrete genome locations in some cases, suggesting that
they may still be active (Figure 1). Cyanobactin precursor genes
are short and often missed during automated annotation, which
necessitated manual searches for precursor genes for each
cyanobactin gene cluster. The precursor peptides ranged in
length from 48 to 98 amino acids and encoded a conserved
leader and one or more variable core regions that are modified
and excised to form the final cyanobactin (Figure S1). The pre-
cursor peptides could be divided into two groups based on the
number of core sequences (Figure S1). The single core precursor
peptides encode one cyanobactin each with the core region
ranging in length from seven to 22 amino acids and the number
of copies of the precursor genes ranged from one to ten (Fig-
ure 1). The multiple core precursor peptides encoded multiplesevier Ltd All rights reserved
Figure 4. A Maximum Likelihood Tree Showing the Relationships between Cyanobactin Gene Clusters
The tree was constructed from a concatenation of PatA and PatG protease amino acid sequences. The strains shaded with dark gray have multicore precursor
peptides and the light gray shading indicates the inability to heterocyclize amino acids. The strains producing linear cyanobactins are highlighted with black.
Nodes supported with a bootstrap of R 70% are indicated. Strains that had interrupted or incomplete cyanobactin pathways or did not encode the studied
proteases entirely (N. spumigena CCY 9414, M. aeruginosa NIES 843, Cyanothece sp. PCC 7822, Leptolyngbya sp. PCC 7375, Microcystis sp. PCC 9717,
Arthrospira platensis Paraca, and M. aeruginosa PCC 9809 piricyclamide pathway) were excluded from the analysis.
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the precursor but a single copy of the precursor gene was
encoded in the cyanobactin gene cluster (Figure S1). The length
and amino acid content of the multicore precursor peptide is
more conserved than the single core precursor peptides. The
multicore precursor peptide cores had alternating amino acids
that can be heterocyclized (Thr, Ser, Cys) and nonpolar amino
acids. The amino acid content of cyanobactins encoded in the
single core precursor peptides wasmuchmore variable with little
sequence conservation except the last amino acid, which was
either Cys or Pro (Figure S1).
The leader sequences of the precursor peptides contain a
number of invariant and highly conserved positions useful in
identifying the precursor gene (Figure S7; Crooks et al., 2004).
The precursor peptides could be further divided into two major
types, which encode the highly conserved LAELSEE or APVQR
motifs in the leader sequence (Figure S7). This same division
is also found in the C-terminal recognition and cleavage site.
All precursor peptides with LAELSEE motif leaders came from
cyanobactin gene clusters, which also encoded PatD heterocy-
clase and PatG oxidase domain homologs. These precursor
peptides with the LAELSEE leader have Cys as last amino acid
of the core region. The precursor peptides with APVQR leaders
lack the PatD heterocyclases and PatG oxidase domains and
have Pro as the last amino acid in the core.
Evolution of Cyanobactin Gene Clusters
The cyanobactin gene clusters were mapped to a species tree
generated by a concatenation of 29 proteins conserved in bacte-
ria and archaea (Figure 2). The gene clusters were distributed
sporadically throughout the tree. To test if the cyanobactin
gene cluster phylogenies matched those of this species tree,
we constructed phylogenetic trees based on the PatA and
PatG proteases. The PatA and PatG protease amino acid
sequences were concatenated and a well-resolved maximum-Chemistry & Biology 20, 1033–likelihood tree constructed (Figure 4). The species tree and tree
based on the cyanobactin proteases were incongruent. The
ability to heterocyclize amino acids was found throughout the
tree based on the concatenation of PatA and PatG proteases,
suggesting that those cyanobactin gene clusters that lack this
ability have lost the two enzymes required to form heterocycles
(Figure 4). However, the phylogenetic tree was not robust
enough to assert how many times these losses occurred (Fig-
ure 4). Cyanobactin gene clusters that encoded multicore pre-
cursor peptides clustered together into a single well-resolved
clade (Figure 4). The remaining cyanobactin gene clusters
typically encode multiple precursor genes encoding precursor
peptides with a single core.
DISCUSSION
Cyanobactins are predicted to be one of the major pathways to
chemical diversity of peptides in cyanobacteria (Donia et al.,
2008). Here we show that the cyanobactin pathway is found in
approximately 24% of cyanobacterial genera and expand the
cyanobactin family to include linear peptides. Cyanobactin
gene clusters have been described in a number of cyanobacteria
(Sudek et al., 2006; Donia et al., 2008; Ziemert et al., 2008; Lei-
koski et al., 2010; Donia and Schmidt, 2011; Leikoski et al.,
2012). We identified 31 cyanobactin gene clusters in a set of
126 cyanobacterial genomes and just eight of these 31 gene
clusters have been reported in previous studies. The cyanobac-
tin pathway has also been described from Planktothrix agardhii
NIES596, which produces prenylagaramide (Donia and Schmidt,
2011), Nostoc spongiaforme var tenue Str. Carmeli, which pro-
duces tenuecyclamide (Donia et al., 2008), and M. aeruginosa
NIES298, which produces microcyclamide (Ziemert et al.,
2008). In all other cases, cyanobactins have been discovered
with genome sequences. It follows that cyanobactin natural
product discovery is heavily influenced by genome mining1043, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1039
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sity of this family (Vela´squez and van der Donk, 2011).
The distribution of the cyanobactin gene cluster is defined by
horizontal gene transfer based on analysis of a portion of the
patA gene (Leikoski et al., 2009). Phylogenies based upon a
concatenation of complete PatA and PatG homologs support
this conclusion and suggests cyanobactin pathway has a com-
plex evolutionary history that differs from that of the cyanobacte-
rial genomes in which they reside (Shih et al., 2013). The ability to
heterocyclize amino acids was originally used to define cyano-
bactins as a class (Donia et al., 2008). However, it is now clear
that this is not true of all cyanobactin pathways (Leikoski et al.,
2010, Donia and Schmidt, 2011). Nevertheless, the majority of
cyanobactin gene clusters identified here encode the ability to
heterocyclize amino acids and it seems likely that the bulk of
cyanobactins that will be identified in the future will contain het-
erocyclized amino acids. The analysis presented here shows
that cyanobactin precursors, often present in multiple copies,
are highly variable and represent a means of rapid diversification
of the cyanobactin pathway. We found a number of clusters that
appear to lack essential genes, contain insertions, or encode
truncated genes, suggesting they are nonfunctional. Active
versions of inactive cyanobactin pathways can be found in
closely related strains (Leikoski et al., 2012). Multiple precursor
genes have been reported from a number of cyanobacteria
(Donia and Schmidt, 2011; Leikoski et al., 2012; Houssen
et al., 2012), while others contain a single precursor gene encod-
ing multiple cyanobactins (Schmidt et al., 2005; Ziemert et al.,
2008). This suggests that the cyanobactin pathway has adopted
two independent strategies for the production of multiple cyano-
bactins. Our phylogenetic analysis suggests that multiple pre-
cursor genes and the ability to heterocyclize amino acids are
ancestral features, while multicore precursors and the inability
to heterocyclize are derived features.
Cyanobactins are currently defined as cyclic peptides (Donia
et al., 2008; Sivonen et al., 2010). Here we show that the prod-
ucts of the cyanobactin pathway in M. aeruginosa PCC 9432
are linear peptides. The tetra- and pentapeptide were named
aeruginosamide B and C, because they bear a strong resem-
blance to a known linear tetrapeptide aeruginosamide charac-
terized from a Microcystis bloom (Lawton et al., 1999), which
can now be regarded as aeruginosamide A. These linear
cyanobactins have termini protected with rare O-methyl and
N-prenyl posttranslational modifications. In aeruginosamide A,
the C terminus is protected with a methyl group, and the N
terminus is protected with two prenyl groups and it contains
a cysteine derived thiazole (Lawton et al., 1999). However,
aeruginosamide B and C are monoprenylated and the amino
acid complement differs slightly. Recently, it was suggested
that aeruginosamide A could be a product of a ribosomal
pathway related to the cyanobactins (Schmidt and Donia,
2010). Based on our findings, we propose that aeruginosa-
mides are actually products of the cyanobactin pathway. We
also found another linear cyanobactin, a tripeptide viridisamide
A in Oscillatoria nigro-viridis PCC 7112, which is a very short
cyanobactin. It was O-methylated and based on LC/MS, it
has a prenylated hetero atom. These findings expand the cya-
nobactin diversity and biosynthetic capacity of the cyanobactin
pathway. The timing of the posttranslational modifications in1040 Chemistry & Biology 20, 1033–1043, August 22, 2013 ª2013 Elthe biosynthesis of these linear cyanobactins remains unclear
and requires further work.
Aeruginosamide A (Lawton et al., 1999), virenamide in
Diplosoma virens (Carroll et al., 1996), and muscoride in Nostoc
muscorum (Nagatsu et al., 1995) all have N-prenyl(s) protecting
the N terminus, and virenamide and muscoride also have a
reverse prenyl group. The C-terminal modification varies: in aer-
uginosamides, it is methylated; in virenamide, it is decarboxy-
lated; and in muscoride, O-prenylated. Cyanobacteria produce
other linear peptides with modified structures by unknown
biosynthetic pathways (e.g., Williams et al., 2002, 2004; Luesch
et al., 2000). Some cyanobacterial linear peptides are produced
by the classical nonribosomal pathway and include compounds
similar to the aeruginosins (Ishida et al., 2009) and spumigins
(Fewer et al., 2009). However, it is likely that some of the linear
compounds reported from cyanobacteria, but for which the
biosynthetic origins are unknown, are the end products of the
cyanobactin pathway. We anticipate that the chemical diversity
of the cyanobactin family will be expanded by this finding.
SIGNIFICANCE
Ribosomal peptides are produced through the posttransla-
tional modification of short precursor peptides and are often
heavily modified. Peptides with free termini are subject to
proteolytic digestion andmembers of the ribosomal peptide
family have a number of ways of blocking the ends of the
peptide. Here we examine the frequency and genetic diver-
sity of the cyanobactin family in cyanobacteria and show
that the cyanobactin pathway is common in cyanobacteria.
Chemical analyses demonstrate that the products of some
cyanobactin pathways are linear. Our findings expand the
biosynthetic potential of the cyanobactin pathway to include
highly modified linear peptides with rare N-prenylated and
O-methylated termini.
EXPERIMENTAL PROCEDURES
Genome Mining
Cyanobacterial genomes were screened for cyanobactin gene clusters using
the PatA and PatG amino acid sequences to query the nonredundant database
at NCBI. The candidate cyanobactin gene clusters were collected, and the
gene content examined manually using Artemis (Rutherford et al., 2000). Cya-
nobactin precursor genes are short and frequently missed in automated
genome annotation. These precursor genes were identified, if not present in
the original annotation, using conserved amino acid motifs in the precursor
N-terminal leader sequence and the C-terminal cleavage site. In the leader
sequence, the ELSEE motif was used to search all possible open reading
frames and similarly AFDGD, FAGDD, SYDGD, and SYEGD in the C-terminal
recognition sequence. BLASTp and CD-searches were performed to charac-
terize the functions of the proteins encoded in the cyanobactin gene clusters
(Table S4). This analysis was used to manually re-annotate the cyanobactin
gene clusters.
Strains and Cultivation
The cyanobacterial strains M. aeruginosa PCC 9432 and O. nigro-viridis PCC
7112 were cultivated in 40 ml of Z8 media (Kotai, 1972) in continuous light with
a photon irradiance of 5–12 mmol m2 s1 at 20C–25C for 12–20 days. Stable
isotope labeling was carried out as previously described (Leikoski et al., 2012)
to determine the sulfur and nitrogen content of the cyanobactins with LC/MS.
To purify aeruginosamide,M. aeruginosa PCC 9432 was cultivated in 54 l of Z8
medium grown in 3 l batches at a photon irradiance of 7–10 mmol m2 s1 forsevier Ltd All rights reserved
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biomass was lyophilized and used for the isolation of aeruginosamides. The
PCC strains used in this study are available at Pasteur Culture collection of
Cyanobacteria (http://www.pasteur.fr/pcc_cyanobacteria).
Chemical Analysis
The M. aeruginosa PCC 9432 and O. nigro-viridis PCC 7112 cells were
collected, freeze-dried, and extracted with methanol for chemical analyses
as previously described (Leikoski et al., 2012). LC/MS was performed on an
Agilent 1100 Series LC/MSD TRAP System high-performance LC (HPLC; Agi-
lent Technologies) with an XCT Plus model ion trap mass detector. Extracts
were injected into a Luna C8 (2) column (2 3 150 mm, 5 mm, Phenomenex)
and eluted 0.15 ml/min with different gradients of isopropanol (+ 0.1% formic
acid) in 0.1% formic acid at 40C. Mass spectra were acquired using electro-
spray ionization in the positive mode. Spectra were recorded using a scan
range from m/z 200 to m/z 1,100 and tandem MS (MS/MS) spectra were
recorded as averages of three spectra. Characterization and identification of
cyanobactins was based on the neutral loss of the isoprenoid unit (68 Da),
on the overall interpretation of the product ion spectra from the protonated
cyanobactins and amino acid sequence of the precursor peptide putative
core sequences. The number of sulfur and nitrogen atoms was confirmed
with the analysis of 34S- and 15N-labeled cell extracts.
High accuracy masses were measured by ultra-performance LC (UPLC)-
electrospray ionization-QTOF MS performed on a Waters Acquity UPLC-
Synapt G2 HDMS (Waters, MA, USA). The compounds were separated on
an Acquity UPLC BEH C18 column (1.7 mm, 50 3 2.1 mm, Waters, Ireland)
in 40C. The mobile phase consisted of (A) H2O and (B) acetonitrile (Chroma-
solv grade, Sigma-Aldrich, Steinheim, Germany), both containing 0.1%
HCOOH (Sigma-Aldrich, Steinheim, Germany). A gradient of eluents was
used as follows: linear gradient of 5% of A to 70% in 12 min, then back to
5% in 12.1 min, and left to equilibrate for 3 min. The injection volume of the
methanol extract was 2 ml and flow rate of the mobile phase was 0.6 ml/min.
Autosampler tray temperature was controlled to 10C.
In QTOF, samples were analyzed in the positive ion mode, with the capillary
voltage set to 2.0 kV, the sampling cone set to 20 V, and the extraction cone set
to 1.5 V. The source temperature was 120C, the desolvation temperature
was 240C, the cone gas flow rate was 20 l/hr and the desolvation gas flow
rate was 1,000 l/hr. The measurements were performed in high-resolution
full scan mode at m/z 300–850 mass range and in MS/MS mode at m/z
50–444, 575, or 674 mass ranges. The transfer collision energy in MS/MS
mode was fixed to 30 V. Calibration was performed with sodium formate,
and analyzed masses were corrected with lock mass leucine enkephalin
(m/z 556.277100, [M+H]+).
Purification of Aeruginosamides and Viridsamide A
Three grams of freeze-driedM. aeruginosa PCC 9432 cells were extracted for
15 s with 23 60ml of methanol using a SilentCrusher (Heidolph) homogenizer.
After centrifugation at 8,0003 g for 10 min, the supernatant was removed and
evaporated under a stream of air. The resultant residue was dissolved in 34%
aqueous acetonitrile (MeCN, LiChrosol, Merck). This sample solution was
centrifuged at 20,000 3 g for 7 min to remove insoluble matter. The sample
solution was injected into semipreparative Luna C8 (2) column (150 3
10 mm, 5 mm, 100 A˚, Phenomenex) in 1 ml batches. Aeruginosamides B
and C were separated isocratically 3.5 ml/min using an eluent of 34.5%
aqueous MeCN with 0.1% formic acid at 30C. The Luna C8 (2) column was
washed with 85% aqueous MeCN between injections. The collected fractions
containing aeruginosamides B and Cwere dried under a stream of air. The two
aeruginosamides were not pure enough after this step and hence the prepa-
rates were dissolved into 34% aqueous MeCN once more and re-injected
into the Luna C8 (2) column in 1 ml batches. The isocratic separation was
repeated as above. The fractions containing the two aeruginosamides were
evaporated to dryness and aeruginosamide C (yield 1.8 mg) was pure enough
for NMR experiments. However, aeruginosamide B remained impure and was
re-dissolved in 34% aqueous MeCN and re-injected into the Luna C8 (2) col-
umn (150 3 4.6 mm, 5 mm, Phenomenex) in 70 ml batches. It was eluted as
before, and collected fractions were evaporated. The aeruginosamide B (yield
3.1mg) was used in amino acid analysis but NMRanalysis would have required
further purification.Chemistry & Biology 20, 1033–One gram of freeze-dried Oscillatoria nigro-viridis PCC 7112 cells were ex-
tracted with 60 ml of methanol as previously. The supernant was evaporated
and dissolved in 36 ml of MeCN, water, and dichloromethane (1:1:1) and
shaked. The dichloromethane layer was separated and vacuum evaporated.
The residue was dissolved in 6 ml MeCN, which was purified with an Agilent
1100 Series modular chromatograph (Agilent Technologies, Palo Alto, CA,
USA). The sample was injected into a semipreparative Luna C8 column in
batches of 1 ml. Column was eluted from 5% aqueous MeCN to 100%
MeCN at 30C and the column was washed with 100% isopropanol between
injections. The fractions containing viridisamide Awere dried under a stream of
air, residues were dissolved in MeCN, and then injected into a Luna C8 (2) col-
umn (1503 4.6 mm, 5 mm) in batches of 50 ml. The column was eluted from 5%
aqueous MeCN to 100% MeCN at 30C, and the column was washed with
85% aqueous MeCN between injections. The fraction containing the viridisa-
mide A was evaporated to dryness, and the preparate was pure enough for
proton NMR experiments.
NMR
1H and 13C NMR spectra of aeruginosamide C were obtained with a Varian
Unity Inova 600MHz NMR spectrometer equipped with a cryogenically cooled
triple-resonance 1H, 13C, 15N probe head and an actively shielded z-gradient
system. A one-dimensional 1H spectrum was collected with acquisition time
of 2 s. 1H DQF-COSY and total correlated spectroscopy (TOCSY; 120 msmix-
ing time) experiments were collected using 2,048 and 512 data points in F1 and
F2 dimensions, corresponding to acquisition times of 0.021 and 0.34 s, respec-
tively. The corresponding acquisition times in 13C HSQC and 13C HMBC
experiments were 0.006 (13C dimension) and 0.085 (1H dimension), and
0.014 (13C dimension) and 0.34 (1H dimension), respectively. For 15N HSQC,
acquisition times of 0.012 s and 0.085 s in 15N and 1H dimensions were
used, respectively. The average one- and three-bond 1H-13C couplings were
estimated to be 140 Hz and 8 Hz, and 1H-13C transfer delays for HSQC and
HMBC were set to 3.57 and 62.5 ms, respectively. One-bond 1H-15N coupling
in the 15N HSQC was set to 95 Hz. 1H and 1H-1H TOCSY spectra of viridisa-
mide A were obtained with a Varian Unity Inova 500 MHz NMR spectrometer.
All spectra were collected at 25C in DMSO. Spectra were processed and
analyzed using VNMRJ 2.1 version B and ACD/SpecManager version 11.03
software packages.
Amino Acid Analysis and Acetylation
Dry aeruginosamides B and C (100 mg) were redissolved in 500 ml of 6 M HCl
and hydrolysed at 110C for 18 hr. After vacuum drying, the residue was dis-
solved in water (50 ml), and NaHCO3 (20 ml, 1 M) and 1%FDAA (Marfey reagent,
Pierce) in acetone (100 ml) was added. The reaction was terminated with 20 ml
of 1M HCl after incubation for 1 hr at 37C. Amino acid derivatives were
analyzed with ESI-LC/MS using a Luna C18(2) column (2.1 3 150 mm, 5 mm,
100 A˚, Phenomenex) which was eluted 0.2 ml/min with a 45 min gradient
from 20% to 60% of aqueous MeCN in 0.1% aqueous HCOOH. L and D
enantiomers of Pro and Phe (Sigma) were used as reference amino acids.
Acetylation of the M. aeruginosa PCC 9432 methanol extract spiked with
[D-Ala2]-Leucine encephalin (Sigma-Aldrich) was performed as described in
Jokela et al. (2010).
Species Tree Reconstruction
The species tree was generated by a concatenation of 29 conserved proteins
(dnaG, frr, nusA, pgk, pyrG, rplA, rplB, rplC, rplD, rplE, rplF, rplK, rplL, rplM,
rplN, rplP, rplS, rplT, rpmA, rpoB, rpsB, rpsC, rpsE, rpsI, rpsJ, rpsK, rpsM,
rpsS, and smpB), selected from the phylogenetic markers proposed by Wu
and Eisen (2008). Total protein coding sequences for 126 cyanobacterial
genomes (Table S5), including the four outgroups (Chloroflexus auranticus
J-10, Rhodobacter sphaeroides 2.4.1, Heliobacterium modesticaldum Ice1,
and Chlorobium tepidum TLS), were retrieved from public databases. Homo-
logs of each selected marker protein were identified using BLAST searches
from the 130 public genomes. These gene families were aligned using MAFFT
v6.882b (Katoh et al., 2005). Ambiguously and saturated aligned regions
were removed using the BMGE software (Criscuolo and Gribaldo 2010). The
resulting 29 alignments were then concatenated. A maximum likelihood
phylogenetic tree was generated with the alignment using PhyML 3.1.0.2
(Guindon et al., 2010) using the LG amino acid substitution model1043, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1041
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a proportion of invariable sites. One-hundred bootstrap replicates were
performed.
The cyanobactin tree was generated by a concatenation of PatA and PatG
homologs from each complete cyanobactin gene cluster. Protein coding
sequences for 23 gene clusters were retrieved from their respective genome
sequence. Ambiguously and saturated aligned regions were removed. A
maximum likelihood tree was constructed using the PROML program of the
PHYLIP package using the JTT model of amino acid substitution, global rear-
rangements, jumbling the sequence order. The resulting phylogenetic was
rooted using the midpoint method as implemented in the RETREE program.
One thousand bootstrap replicates were obtained using SEQBOOT and
PROML and settings as described previously.
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